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INTRODUCTION
Like bovine spongiform encephalopathy (BSE) and human Creutzfeldt-Jakobdisease (CJD), ovine and caprine scrapie belongs to the group of transmissible spongiform encephalopathies (TSE). These fatal degenerative disorders of the central nervous system are characterized by the accumulation of an abnormal isoform (PrP sc ) of the cellular prion protein (PrP c ). For more than 250 years, this infectious disease has been observed in European sheep flocks and was spread to many other countries of the world [11] , causing economical losses but was never regarded as a risk factor for human health. On the contrary, there is strong evidence that BSE causes variant CJD in humans [5, 21] . The origin of BSE is still unclear. It may either have originated from spontaneously diseased cattle [15] , or from scrapie infected sheep that were fed to cattle, allowing scrapie eventually to cross the species barrier [38, 39] . For those countries or regions in which ovine scrapie has become epidemic, conventional elimination efforts (culling of symptomatic sheep or of complete flocks) have spanned decades and in most cases have not been successful [11, 35] . However, for more than ten years it is known that the susceptibility of sheep to natural and experimental scrapie is influenced by amino acid polymorphisms at the positions 136, 154 and 171 of the prion protein (e.g. [2, 17, 24] ). Consequently, current regulations of the European Union aim to eradicate ovine scrapie from the member states by selecting for the PrP haplotype A 136 R 154 R 171 (ARR), regarded to be most resistant to scrapie, and to eliminate the other haplotypes, mainly VRQ, which is suspected to be most susceptible (e.g. [1, 8, 14, 37] ). This is imple- In recent years, "atypical" scrapie cases have been identified [3, 7] . The most frequently found atypical phenotype is designated Nor98 since it was initially discovered in Norway and subsequently found in other EU member states [9, 29, 32, 33] . In atypical scrapie cases, sheep carrying PrP haplotypes known to be less susceptible (AHQ) or resistant (ARR) to classical scrapie have been affected, while the VRQ haplotype seemed to confer at least partial resistance to atypical scrapie strains [3, 6, 10, 29, 30, 33] .
In addition to the variations at codons 136, 154 and 171, further ovine PrP polymorphisms were described (reviewed in [18] ). Among these, an amino acid substitution (L/F) at codon 141 showed an association with the susceptibility to Nor98 [30] . The F 141 allele has been shown to occur in combination with the alleles A 136 , R 154 and Q 171 , forming the PrP haplotype AFRQ [4, 23, 30] .
It has been shown that Nor98 and other atypical cases can be efficiently transmitted to transgenic mice expressing sheep PrP [27] . No data are yet available on whether this disease is transmitted naturally within a sheep flock.
The aim of this study was to compare aspects of scrapie epidemiology and prion protein genetics between German sheep flocks affected with classical or atypical scrapie in order to assess their significance for the German sheep population and the scrapie resistance breeding programme.
MATERIALS AND METHODS

Scrapie cases and samples
German scrapie cases that were diagnosed from January 2002 to March 2006 were included in the study. This comprises brain or muscle tissue samples of 224 scrapie-positive sheep from 113 flocks. In 97 of these flocks, an average of 50 adult flock mates was blood-sampled (n = 4759). Flock mates of 16 cases were not included because these scrapie-affected sheep had only been brought into the flocks a few months or years before they had been identified as scrapie-positive or because there were no flock mates. According to Commission Regulation 1492/2004, depending on their PrP genotypes and on the ARR frequency within an affected flock, a proportion of the sampled flock mates had been culled and tested scrapie-negative by a TSE rapid test, while others were kept alive and remained free of clinical symptoms. Information on sex, age and breed of scrapie-affected sheep and their flock mates, on the manner of death of scrapieaffected sheep and on the geographical localization and size of the affected flocks was obtained from the responsible veterinary authorities, from the sheep keepers or during sample collection. When records were not available, the age of sheep was estimated by inspection of the teeth and was used to sample flock mates of approximately the same age as the scrapie-positive sheep. However, it was not possible to obtain all this information for all animals or flocks.
Diagnosis of scrapie and scrapie type
All TSE cases were initially identified using the Bio-Rad Platelia rapid test (Bio-Rad Laboratories, Hercules, California, USA, now Bio-Rad TeSeE test) and were confirmed by SAF-immunoblot and/or immunohistochemistry according to standardized methodology [31] . All TSE cases subsequently underwent a discriminatory testing [19] to verify the absence of BSE infection in these animals according to EU Regulation 36/2005. The cases were grouped into the classical or atypical scrapie categories on the basis of the immunoblotting patterns and glycotype profiles of the abnormal prion protein as well on the basis of its distinct proteinase K resistance and epitope accessibility characteristics [20] .
Genotyping
DNA was extracted from brain or muscle tissue of scrapie-positive sheep with the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) and from peripheral blood leucocytes, tongue or ear tissue of flock-mates with the Invisorb Blood Mini HTS 96 Kit for sheep (Invitek, Berlin, Germany).
A 970 bp fragment including the complete coding region of the PrP gene was amplified by PCR for all samples of scrapie-positive sheep, using the forward primer 5'-tgccactgctatacagtcatt-3' and the reverse primer 5'-aagcaagaaatgag acaccacc-3' with conventional PCR conditions. These PCR products were sequenced on both strands with PCR primers using an ABI PRISM 377 automated sequencer and Big Dye Terminator chemistry (Applied Biosystems, Foster City, USA). Polymorphisms at codons 136, 141, 154 and 171 were analyzed by visual inspection of the resulting chromatograms, supported by the software ChromasPro version 1.33 (Technelysium Pty Ltd, Tewantin, Australia) and Mutation Surveyor version 2.61 (Softgenetics, State College, USA), using the GenBank sequence U67922 as a reference sequence. In order to determine the PrP haplotypes constituted by codons 136, 154 and 171, all samples of flock mates as well as samples of all scrapie-positive sheep that were heterozygous at more than one of these three codons were analyzed by the PCR-RFLP method as described by [28] . This method was optimized by using shorter primers (forward primer 5'-ggcaggagctgctgcagct-3'; reverse primer for digestion with BspHI 5'-cacaaagttgttctggttactatc-3'; reverse primer for double digestion with BspHI and BspDI 5'-caaagttgttctggttactatat-3').
For determination of the genotype at codon 141 in the samples of the flock mates of scrapie-positive sheep and for verification of the genotype at codon 141 in sequenced samples of scrapiepositive sheep, a PCR-RFLP method was established using forward primer 5'-acaagcccagtaagccaaaaacc-3' and reverse primer 5'-ctcatagtcattgccaaaaygttta-3' to amplify a 140 bp fragment by standard PCR conditions. Digestion with the restriction enzyme DraI resulted in fragments of 116 and 24 bp when L was present at position 141.
Because of limited quantity or quality, molecular genetic analyses did not provide a result for some of the samples, therefore numbers of investigated sheep or flocks vary between the different analyses that were done. 
Statistics
Considering the different numbers of sampled flock mates in each scrapieaffected flock, the frequencies of haplotypes and genotypes regarding PrP codons 136, 154 and 171 were estimated for each scrapie-affected flock before calculating average frequencies over all flocks.
To prevent an influence of the PrP haplotypes regarding codons 136, 154 and 171 on the association analysis of the PrP codon 141 alleles with classical and atypical scrapie susceptibility, 177 pairs of scrapie-positive sheep and their flock mates with matching PrP genotypes with respect to codons 136, 154 and 171 were constituted.
The significance of differences between compared groups (e.g. classical scrapiepositive sheep and atypical positive sheep) in respect to epidemiological aspects (e.g. age at the time of scrapie diagnosis) or results of molecular genetic analyses (e.g. frequency of the F 141 allele) was tested with the chi-square and Fisher exact test (in the case of low numbers of observations within subclasses).
The relative scrapie "risk" (odds ratio, OR) of a PrP haplotype or genotype was calculated for classical scrapie and for atypical scrapie as:
An OR higher than 1 means a higher susceptibility than the ARQ haplotype or the ARQ/ARQ genotype; an odds ratio lower than 1 means a susceptibility lower than the ARQ haplotype or the ARQ/ARQ genotype.
RESULTS
Epidemiology
All 224 scrapie-positive sheep included in this study were ewes, of which 120 were diagnosed with classical scrapie and 97 cases were diagnosed with atypical scrapie showing immunoblotting patterns reminiscent of Nor98. Inconclusive results for the scrapie type were obtained for 7 scrapie cases due to limited or unsuitable brain samples. Sheep affected with classical scrapie were identified in 16 flocks ("classical scrapie flocks") and sheep with atypical scrapie in 88 flocks ("atypical scrapie flocks") (Tab. I). Sheep affected with different scrapie types have not been identified within the same flock. However, positive sheep with inconclusive results originated from classical scrapie flocks and also from atypical scrapie flocks. In all flocks affected by classical scrapie, 1.7% of the sheep were classical scrapie-positive, while in atypical scrapie flocks, 0.2% of the sheep were diagnosed positive for atypical scrapie. In classical scrapie flocks, the number of identified positive sheep ranged from 1 to 57 (average: 7.5), compared to 1, 2 or 3 positive sheep in atypical scrapie flocks (average: 1.1). There was a highly significant (P < 0.001) difference between classical scrapie flocks and atypical scrapie flocks regarding the identification of only a single or more than one scrapie-positive sheep. More than one sheep infected with classical scrapie was identified in more than 50% of the classical scrapie flocks, while only a single scrapiepositive sheep was found in more than 90% of the flocks where atypical scrapie was diagnosed (Tab. I).
Sheep affected with atypical scrapie were identified in all Federal German states except Schleswig-Holstein, Saarland and the small city states (Fig. 1) . In contrast, sheep infected with classical scrapie were found in (Fig. 1) .
In about 73% of all scrapie-affected flocks (classical and atypical), sheep were crossbred, and/or purebred sheep of different breeds were kept within the same flock. In total, purebred flocks of eleven different breeds were affected with classical and/or atypical scrapie, as listed in Table II . Not more than three purebred flocks of one breed were affected by scrapie, with the exception of the Merinolandschaf breed. In twelve purebred flocks of this breed, sheep affected with atypical scrapie were found, while no purebred Merinolandschaf flock was affected by classical scrapie.
The number of sheep in a flock at the time when the first scrapie-positive sheep was identified was recorded in 98 flocks. The flock sizes ranged from 1 to 5 000 sheep, including lambs. The flock sizes were compared between flocks in which only one scrapie-positive sheep was identified and flocks in which more than one scrapie-positive sheep were identified (Tab. III). More than one sheep infected with classical scrapie was observed in flocks of all sizes between 1 and 1 500 sheep, but the occurrence of more than one sheep affected with atypical scrapie was restricted to flocks with more than 500 animals (Tab. III). This difference in the flock sizes was highly significant (P < 0.001).
The age of 60 sheep with atypical and 20 sheep with classical scrapie at the time of death was recorded and was divided into five age groups (Tab. IV). Eighty percent of classical scrapie-positive sheep with known ages belonged to the age group of 3−5 years. Two sheep (10%) were younger than 3 years and two sheep were between 5 and 7 years of age. In contrast, atypical scrapie occurred in all five age groups. Almost 60% of the sheep affected with atypical scrapie with known age were older than 5 years, while more than a quarter was more than 10 years old (Tab. IV). There was a significant (P < 0.01) difference in the age distribution between sheep affected with classical and with atypical scrapie.
In 189 sheep where the type of scrapie could be determined, the manner of death is known (Tab. V). While 76.1% of classical scrapie-positive sheep were put to death during eradication culls in a scrapiepositive flock, no classical scrapie-affected sheep was diagnosed in a routinely slaughtered animal. However, about a quarter of the sheep diagnosed with atypical scrapie had been routinely slaughtered and twothirds of the sheep were fallen stock. The difference in the distribution of the manner of death between classical and atypical scrapie-positive sheep was highly significant (P < 0.001).
Central nervous symptoms were observed by veterinarians or sheep keepers in only a few cases. This has been reported for three sheep diagnosed with classical scrapie and nine sheep diagnosed with atypical scrapie. 
Molecular genetics
The frequencies of PrP haplotypes and genotypes of scrapie-positive sheep and their flock mates regarding codons 136, 154 and 171 are shown in Table VI . The distribution difference of haplotype frequencies was highly significant (P < 0.001) between sheep affected with classical scrapie and their flock mates on the one hand and sheep affected with atypical scrapie and their flock mates on the other hand. The same was observed within the scrapie-positive sheep of each type and within the flock mates of scrapiepositive sheep of each type. In sheep affected with classical scrapie, the ARQ haplotype and the ARQ/ARQ genotype were by far the most dominant. Only the ARQ allele and its homozygous genotype were identified with higher frequencies in classical scrapie-positive sheep than in their flock mates. The PrP haplotypes AHQ, VRQ and ARH and their heterozygous genotypes were observed with a low frequency (less than 4%) in classical scrapiepositive sheep while the according frequencies were slightly higher (or equal in the case of ARH/VRQ) in their flock mates. Odds ratios (OR) of these haplotypes and genotypes were notably lower than 1 (Fig. 2) . The ARR haplotype was not identified in the sheep diagnosed with classical scrapie, while the ARR frequency was about 29% in the flock mates.
In the group of sheep affected with atypical scrapie, the frequencies of the haplotypes ARQ, ARR, ARH and VRQ were lower than in their flock mates (Tab. VI), resulting in OR lower than 1 for ARR, ARH and VRQ (Fig. 2) . Instead, the frequency of the AHQ haplotype was higher in atypical scrapie-positive sheep than in their flock mates with an OR of 3.24 (Fig. 2) . The most frequent PrP genotype in sheep affected with atypical scrapie regarding codons 136, 154 and 171 was AHQ/ARQ (30.7%), followed by ARQ/ARQ (25.0%) and the ARR haplotype combined with ARQ (13.7%) or AHQ (11.4%). Again, OR were obviously higher than 1 only for genotypes with at least one AHQ haplotype, which were the genotypes AHQ/AHQ, AHQ/ARH, AHQ/ARQ and ARR/AHQ (Fig. 2) . It has to be mentioned that six sheep (6.8%) where atypical scrapie was diagnosed carried the ARR/ARR genotype and 28 (31.9%) carried at least one ARR haplotype.
Due to the linkage of F 141 with the ARQ haplotype, all sheep homozygous for F 141 were also homozygous for the ARQ haplotype, and all F 141 heterozygous animals carried at least one ARQ haplotype. The frequencies of the PrP haplotypes AL 141 RQ (ALRQ) and AF 141 RQ (AFRQ) and the resulting genotypes in scrapie- The OR for the AFRQ haplotype (8.45) and the genotypes including one or two AFRQ haplotypes were remarkably high (between 9.49 and 22.86) for atypical scrapie, with the highest value for the combination of AFRQ with AHQ (Fig. 3) . In contrast, among the PrP genotypes affected by atypical scrapie, ALRQ/ALRQ showed the lowest OR. For classical scrapie, OR for the AFRQ haplotype and the AFRQ/ALRQ genotype were both lower than 1 (Fig. 3) .
In both groups of sheep affected with classical or atypical scrapie, neither PrP haplotype frequencies nor PrP genotype frequencies differed significantly in their distribution within the different age groups.
DISCUSSION
One of the most striking aspects of atypical scrapie is that only a single scrapie-positive sheep per affected flock was identified in most cases [9, 30] . This is one aspect which led to the speculation that atypical scrapie may be a spontaneous disease like sporadic Creutzfeldt-Jakob disease (CJD) in humans [3, 30] . In the present study, seven German sheep flocks were identified where more than a single atypical scrapie case was observed which may indicate an infectious origin of this disease. However, since these cohort cases to atypical scrapie cases were confined to larger flocks (more than 500 sheep), the possibility remains for their sporadic origin, if they occur at a frequency of 1:2000 or less in the overall sheep population. Nevertheless, two Nor98-affected sheep have also been observed in a small Irish flock of 18 adult sheep [32] .
As in Norway [30] and Portugal [33] , German atypical scrapie cases were found throughout the country, whereas classical scrapie was restricted to northern parts of Germany, with the exception of one case. This difference between the two scrapie types may also infer a spontaneous and ubiquitous character of atypical scrapie. However, four outbreaks of classical scrapie had been observed in the south of Germany (Baden-Württemberg) between 1985 and 1998 [26] . Although three of these affected flocks consisted of Suffolk sheep [26] , a breed which is often imported from the United Kingdom to Germany, it is unclear if these outbreaks had been caused by the import of sheep affected with classical scrapie.
The absence of atypical scrapie cases in Schleswig-Holstein, although having the second largest sheep population of all German Federal states, may be due to the application of a TSE rapid test for small ruminants that has received the EU approval but does not detect atypical scrapie cases [7, 16] .
Regarding the age of scrapie-affected sheep, it has to be kept in mind that a significant proportion of these animals were killed during the selective culling of a scrapie flock (particularly in classical scrapie cases) or were routinely slaughtered (particularly in atypical scrapie cases) and therefore did not develop clinical scrapie. Most German sheep diagnosed with classical scrapie were between 3 and 5 years of age at the time of death. Although the age of only a few classical scrapie-positive sheep was recorded, this result fits well with the usually observed incubation times in classical scrapie, for which an infection of newborn lambs by their ewes is assumed [34] . On the contrary, the ages of sheep affected with atypical scrapie at the time of death were distributed over all age groups, with the majority of these sheep being older than five years of age. Furthermore, some of the sheep affected with atypical scrapie were exceptionally old with ages of up to 20 years (data not shown). In accordance with [30] , we did not observe a significant influence of PrP haplotypes regarding codons 136, 154 and 171 or the codon 141 alleles on the age of sheep with atypical scrapie at the time of death. There may be other genetical or epidemiological factors (e.g. the route of infection or the age at infection) which influence the incubation time in atypical scrapie cases. Alternatively, atypical scrapie may occur spontaneously, particularly albeit not exclusively, in older animals.
Most scrapie-affected flocks consisted of crossbred sheep and except the Merinolandschaf breed no more than three purebred flocks of the same breed were affected by classical or atypical scrapie. Therefore, it was not possible to conclude an over-or underrepresentation of these breeds compared to all scrapie-affected flocks. No purebred Merinolandschaf flock was affected by classical scrapie, while 12 purebred flocks were affected with atypical scrapie. This is more likely due to the location of these flocks than to a selective resistance to classical scrapie and/or a susceptibility to atypical scrapie. The Merinolandschaf is the largest breed in Germany, most common in southern Germany and rarer in other parts of the country. Moreover, classical scrapie in a German Merinolandschaf had been diagnosed in 1998 [26] .
Regarding the associations between PrP haplotypes and genotypes of codons 136, 154 and 171 with susceptibility to scrapie, the situation is relatively simple for German classical scrapie cases. While sheep carrying at least one ARR haplotype seem to be considerably more resistant to classical scrapie, the ARQ haplotype confers by far the highest risk in the German classical scrapie cases. However, this "resistance" of ARR carriers is not absolute as demonstrated by successful experimental BSEinfection of sheep with this genotype [22] . Moreover, one report exists on a sheep with the ARR/ARR genotype diagnosed with scrapie [25] , which, however, has been received with scepticism. Furthermore, few classical scrapie-positive sheep carrying a single ARR allele and no VRQ allele have been identified in the EU-member states so far, e.g. in Belgium, France, Ireland and Spain [13] and in 1996 in a single German sheep [26] .
Interestingly, the VRQ haplotype showed a low risk for classical scrapie in Germany. Generally, the VRQ haplotype is believed to confer the highest susceptibility to classical scrapie in populations where it is present (e.g. [1, 8, 12] ). Nevertheless, the German situation resembles that of Italy, where classical scrapiepositive sheep from 2002-2004 did not carry the VRQ haplotype although VRQ has been found at a low frequency in random samples [13] . Finally, in the present study the F 141 allele occurred in four classical scrapie-positive sheep. This is in contrast to the findings of [36] who did not identify the F 141 allele in Norwegian classical scrapie-positive sheep. There was no evidence that the polymorphism at codon 141 has an influence on the susceptibility for classical scrapie.
The molecular genetics of atypical scrapie seem to be more complex. The notably high risk values for the AFRQ and AHQ haplotypes and the genotypes including AFRQ (especially the AFRQ/AHQ genotype) are striking and strongly confirm former results [3, 30] . But it should be kept in mind that in the present study nearly 50% of the sheep affected with atypical scrapie still carried the ALRQ and/or the ARR haplotype.
As in this study, a relatively low number of atypical scrapie-positive sheep with the ALRQ/ALRQ genotype compared to an about threefold higher frequency in the flock mates has also been observed by Moum et al. [30] . This supports a low atypical scrapie risk of this genotype compared to other affected genotypes, contradicting strongly with the situation in (German) classical scrapie cases. Nevertheless, ALRQ/ALRQ does not seem to confer an absolute resistance against atypical scrapie.
In contrast to [3, 30] , the VRQ haplotype occurred with atypical scrapie in the present study, although it has only been found in one single sheep.
In atypical scrapie, ARK was the only PrP haplotype that occurred in flock mates (but within one flock only) and was not found at least in one scrapie-positive sheep.
The current eradication strategy by the European Union (EU) for TSE in sheep requires a selection for the ARR haplotype (Commission Regulation 1492/2004 and Commission Decision 2003/100/EC), which is countered by our observation that one third of the atypical scrapie cases carried at least one ARR haplotype and 6.8% were homozygous for ARR. Although sheep with the AFRQ and/or the AHQ haplotype are even more susceptible to atypical scrapie than sheep carrying ARR, it can be foreseen that the PrP haplotypes AFRQ and AHQ both will vanish from the European sheep population through selection for ARR. Even though somewhat more classical (n = 120) than atypical (n = 97) scrapie-positive sheep were identified in Germany from January 2002 to February 2006, more than 80% of the scrapie-affected flocks were affected by atypical scrapie. Particularly with regards to this situation and the likeliness that atypical scrapie will not be eliminated by the implementation of the actual EUregulated breeding schemes for scrapie resistance, continued research on the aetiology, epidemiology, zoonotic potential and on genetic susceptibility factors of atypical scrapie is necessary.
